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Abstract 


21 Extratropical cyclones are responsible for most of the preeipitation and wind damage in 

22 the midlatitudes during the eold season, but there are still uneertainties on how they will 

23 ehange in a warming elimate. An ubiquitous problem amongst General Cireulation 

24 Models (GCMs) is a laek of eloudiness over the southern oeeans that may be in part 

25 eaused by a laek of elouds in eyelones. We analyze CloudSat, CALIPSO and AMSR-E 

26 observations for 3 austral and boreal eold seasons and eomposite eloud frequeney of 

27 oeeurrenee and preeipitation at the warm fronts for northern and southern hemisphere 

28 oeeanie eyelones. We find that eloud frequeney of oeeurrenee and preeipitation rate are 

29 similar in the early stage of the eyelone life eyele in both northern and southern 

30 hemispheres. As eyelones evolve and reaeh their mature stage, eloudiness and 

31 preeipitation at the warm front inerease in the northern hemisphere but deerease in the 

32 southern hemisphere. This is partly eaused by lower amounts of preeipitable water being 

33 available to southern hemisphere eyelones, and smaller inereases in wind speed as the 

34 eyelones evolve. Southern hemisphere eloud oeeurrenee at the warm front is found to be 

35 more sensitive to the amount of moisture in the warm seetor than to wind speeds. This 

36 suggests that eloudiness in southern hemisphere storms may be more suseeptible to 

37 ehanges in atmospherie water vapor eontent, and thus to ehanges in surfaee temperature 

38 than their northern hemisphere eounterparts. These differenees between northern and 

39 southern hemisphere eyelones are statistieally robust, indieating A-Train-based analyses 

40 as useful tools for evaluation of GCMs in the next IPCC report. 
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1. Introduction 


42 Extratropical cyclones produce the bulk of the cold season preeipitation in middle 

43 and high latitudes and are key eontributors to the meridional transport of energy between 

44 the equator and the poles. Though the large scale structure and evolution of these storms 

45 are well understood, it is still unclear what effeet changes to the Earth’s elimate will have 

46 on these systems. This is in part due to the complex interaction between a projected 

47 poleward shift in the storm track, increased atmospheric water vapor content (and 

48 consequent inereases in latent heat release), and potential changes in the large scale 

49 modes of variability (e.g., the Southern Annular Mode; IPCC, 2007). The results of 

50 general eirculation model (GCM) simulations of future elimates indicate a deerease in the 

51 number of extratropieal cyelones, but disagree on future ehanges in their intensity 

52 (Eambert and Eyfe, 2006; Bengtsson et al. 2009). Examination of reanalysis datasets 

53 from recent decades indicates a decrease in the number and an inerease in the intensity of 

54 storms (e.g. Simmonds and Keay, 2000; Graham and Diaz, 2001). Analysis of 25 years of 

55 eloud observations reveal a poleward shift of the storm traeks in both hemispheres of an 

56 amplitude much larger than predieted by eurrent GCM (Bender et ah, 2011). Persistent 

57 uncertainties in cyclone modeling are in no small part due to the fact that frontal scales 

58 cannot be fully resolved at the eurrent spatial resolution of most GCMs. 

59 In addition to disagreement on changes to storm structure, most GCMs produee 

60 eloud amounts in midlatitude oeeans that are too low compared with observations. This 

61 may explain a tendency for most of the models that formed the basis of the 

62 Intergovernmental Panel on Climate Change 4* assessment to overestimate the amount of 

63 solar radiation absorbed in midlatitude oeeans (Trenberth and Easullo, 2010). Naud et al. 
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(2010) found that one general circulation model did not form enough clouds across cold 

65 and warm fronts, partly because of its coarse spatial resolution. Another model tested by 

66 Field et al. (2011) was also found to produce less clouds poleward of the low than 

67 observed with CloudSat (Stephens et al., 2002). It is unclear whether anomalously large 

68 oceanic solar absorption is predominantly due to insufficient storm activity or to deficient 

69 representation of cloud processes. A consistent result from the aforementioned studies is 

70 the fact that this problem appears to be particularly acute over the southern oceans, 

7 1 though progress in this region has been hampered by a relative lack of data from ground- 

72 based observing systems. 

73 Satellite observations have been used to study the precipitation and cloud 

74 distributions in midlatitude cyclones, but most studies have focused on the northern 

75 hemisphere (Lau and Crane 1995, 1997; Klein and Jacob, 1999; Bauer and Del Genio, 

76 2006; Naud et ah, 2006). These, along with more recent studies that have examined both 

77 hemispheres (Field and Wood, 2007; Gordon and Norris, 2010), have employed passive 

78 instrumentation that provides information only at cloud top. Active instruments that 

79 provide full atmospheric profdes have recently been used to study cloudiness and 

80 radiative fields in the Southern oceans (Mace, 2010; Haynes et ah, 2011), but cyclones 

81 were not specifically studied. Berry et al. (2011) recently reported significant asymmetry 

82 in the occurrence of fronts in the southern and northern hemispheres, but they did not 

83 analyze cloud and precipitation fields associated with these regions. Govekar et al. (2011) 

84 studied the three dimensional distribution of clouds and precipitation using active 

85 instruments in southern hemisphere cyclones, but no comparison was made to their 

86 northern counterparts. 
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87 The results presented by Berry et al. (2011) highlight the faet that, while the 

88 proeesses that lead to eyelone formation are not expeeted to differ between the two 

89 hemispheres, intrinsie geographie differences may cause differences in cyclones that will 

90 affect their associated cloud and precipitation fields. For example, Eckardt et al. (2004) 

91 found that most cyclones in the NH winter were accompanied by a strong warm conveyor 

92 belt, but this was not always the case in the SH winter. Such differences include the 

93 presence of a land/sea contrast and mountains in the northern hemisphere, and the 

94 proximity of Antarctica to the southern hemisphere storm track. Differences in 

95 topography and land-ocean distribution also affect the amplitude and propagation of 

96 upper tropospheric/lower stratospheric Rossby waves, which in turn affect cyclone 

97 structure and evolution. If improvements are to be made to GCM representations of 

98 midlatitude cloudiness, it is first necessary to understand (1) the morphological 

99 differences between northern and southern hemisphere storms, (2) the processes that 

100 underlie these differences, and (3) the sensitivity of cyclone clouds and precipitation to 

101 changes in the environment. 

102 To the best of our knowledge, a study of the differences in cloud and precipitation 

103 between northern and southern hemisphere cyclones that includes a view of the internal 

104 structure of frontal clouds has not yet been conducted. Such an analysis is now possible 

105 using a stream of new observations that offer a three-dimensional view of the distribution 

106 of cloud and precipitation in midlatitude cyclones. In this study, we use observations 

107 from three instruments in NASA’s A-Train constellation to investigate the difference in 

108 cloud occurrence and precipitation across warm fronts and in the warm sector of northern 

109 and southern hemisphere cyclones. Cloud vertical profiles are obtained jointly from the 
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110 active radar and lidar sensors on CloudSat (Stephens et ah, 2002) and CALIPSO (Winker 

111 et al. 2009), and liquid water path, preeipitable water vapor, and preeipitation rate are 

112 retrieved from the Advaneed Mierowave Seanning Radiometer for the Earth Observing 

113 System (AMSR-E; Kawanishi et ah, 2003). 

114 We foeus our attention on the warm frontal portion of the storm, as this region 

115 produees most of the preeipitation in the eyclone (e.g. Eekhardt et ah, 2004), and is 

116 eharaeterized by eopious eloud cover. In addition, warm fronts eomprise the poleward 

117 end of the warm eonveyor belt airstream, whieh transports moisture from the boundary 

118 layer on the equatorward side of the cyelone to the upper troposphere on the poleward 

119 side of the cyelone, and is the meehanism responsible for most of the preeipitation 

120 (Eekhardt et ah, 2004). We only eonsider eold season cyelones to avoid the inelusion of 

121 mesoseale summer-speeifie systems, and foeus only on oeeans, to avoid eomparing land 

122 systems from the northern midlatitudes with oeean systems in the southern midlatitudes. 

123 Using NASA’s Modern Era Retrospeetive analysis for Researeh and Applieations 

124 (MERRA; Rieneeker et ah, 2011) outputs, we first eonstrain the dynamies and 

125 thermodynamies of northern and southern hemisphere cyelones, then proeeed to a 

126 eomparison of the observed eloudiness and preeipitation distribution. 

127 2, Datasets 

128 The CloudSat Cloud profding radar (CPR) provides full vertieal profiles of eloud 

129 loeation. The vertieal eloud mask is produeed in synergy with the cloud mask of the lidar 

130 CAEIOP onboard CAEIPSO. The lidar is more sensitive to thin and tenuous elouds but 

131 gets attenuated in thiek elouds and as sueh is a perfect complement to cloud radar 

132 observations. The joint eloud mask produet is ealled GEOPROE-EIDAR (Maee et al. 
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133 2009) and provides cloud locations at 250 m vertical and 1.1 km horizontal (along track) 

134 resolution. In addition, surface rain rates retrieved from the CloudSat CPR are available 

135 in the PRECIP-COLUMN fdes (Haynes et ah, 2009). 

136 Coincident measurements from AMSR-E provide two-dimensional views of 

137 retrieved precipitable water (here referred to as precipitable water vapor, PWV; Wentz 

138 and Meissner, 2004), liquid water path (LWP), and surface precipitation rate (Wilheit et 

139 ah, 2003). In our analysis, retrievals are only used if over ice-free oceans. Radars perform 

140 better than microwave radiometers for light rain but the latter are better for heavy rain. 

141 Use of both instruments allows us to incorporate a wide range of precipitation types. 

142 To complement the A-Train observations, we use the MERRA reanalysis 

143 (Rienecker et ah, 2011) outputs of temperature, geopotential heights, relative humidity 

144 (RH), vertical velocity (co) and horizontal wind profiles, along with skin temperature and 

145 mean sea level pressure (SEP) every 6 hours at a resolution of 0.5“x0.667° (except for RH 

146 and co that are available at 1 .25°xl .25°). 

147 Einally, the NASA MAP climatology of midlatitude storminess (MCMS; Bauer and 

148 Del Genio, 2006) database provides the location and track of midlatitude cyclones for the 

149 entire period covered by the ERA-lnterim reanalysis (Dee et ah, 2011). The MCMS 

150 algorithm looks for sea level pressure local minima (within a 3x3 grid box area), and 

151 tracks them over time. To be retained in the database, cyclones must travel less than 720 

152 km between two 6-hourly time steps but, during their lifetime, must travel a total of at 

153 least 700 km, last at least 24 hours, and reach a minimum in sea level pressure no greater 

154 than 1010 hPa. Here, we decided to call “cyclone” each individual 6-hourly snapshot 
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155 along the track. For example, a system that lasted 2 days and was detected for 8 

156 consecutive 6-hourly time steps will provide 8 “cyclones” in our database. 

157 The observations and reanalysis fields are collected for three austral cold seasons 

158 (MJJAS 2007 to 2009) and three boreal cold seasons (NDJFM 2006 to 2009) over oceans 

159 in the latitude bands 20“-60° N/S. 

160 3, Method 

161 The location of warm fronts is first determined using MERRA 850 mb temperature 

162 and geopotential heights based on a method introduced by Hewson (1998). The fronts are 

163 located using the spatial rate of change of the gradient of 850 mb potential temperature. 

164 The divergence of this quantity should be null at the front. In addition, Hewson (1998) 

165 suggests also applying two masks, one that ensures that the gradient is large enough and 

166 the other that the rate of change of the gradient is above a minimum threshold. Warm and 

167 cold fronts are located using these three conditions. The warm fronts are then paired with 

168 a MCMS low pressure center if the nearest MCMS low is to the west and within 15 

169 degrees of the center of the front. We then check if there is an intersection between this 

170 front and the CloudSat orbit within ±3 hours. We only retain cyclones with a center over 

171 the ocean, and also remove cyclones for which the entirety of the warm front is over land 

172 (this mostly affects the eastern side of the northern hemisphere ocean basins but has the 

173 added advantage of removing the influence of the Rocky Mountains on frontal detection). 

174 Finally, because we do not want to include polar lows or tropical depressions, we exclude 

175 cyclones occurring poleward of 60° or equatorward of 20° latitude. 
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176 For the three austral eold seasons, warm front transeets were identified in 1442 

177 southern hemisphere (SH) oeeanic eyelones and in 574 northern hemisphere (NH) 

178 oceanie cyclones during the three boreal cold seasons. Figure la shows the distribution of 

179 cyclone center latitudes in absolute value in both hemispheres. For our comparison, we 

180 would like to avoid biases due to (1) large differences in sample size and (2) very 

181 different latitudinal distributions. In order to compare mean cyclone properties and 

182 processes that occur at the scale of a given cyclone, we need to reduce the impact of 

183 large-scale differences as much as possible. Specifically, cyclones close to 60° N/S or 20° 

184 N/S are exposed to different moisture amounts, surface temperature, and tropopause 

185 height, so we constrain the absolute latitude distributions so they are comparable between 

186 the two hemispheres. This ensures that the cyclones do not form in significantly different 

187 dynamical environments. In order to do so, we sub-sample the SH dataset by randomly 

188 selecting cyclones in 5° (absolute) latitude bands until the number of SH cyclones per 

189 band is approximately equal to the number of NH cyclones in the same band. This 

190 resulted in 581 cyclones in the SH subset. The dotted-dash line in figure la shows the 

191 distribution of cyclone center latitudes for the random subset of SH cyclones and 

192 demonstrates how the NH and SH subset cyclones are similarly distributed. Figure lb 

193 shows the cyclone pressure center skin temperature distribution for NH, SH full set and 

194 SH subset. Temperatures near low pressure centers in the SH random subset are very 

195 similar to those in the NH dataset, though it can be seen that SH temperatures are 

196 consistently a few degrees colder. Unless otherwise stated, the SH subset will be used for 

197 comparison with NH for the remainder of this study. Although the full SH dataset will 

198 not be used for comparison with NH, we find that the differences described below 


9 



199 between the NH and the SH subset are signifieantly greater than the differenees we find 

200 between the full SH dataset and the SH subset (not shown). 

201 Three types of eomposites are used. First, we eonstruet two dimensional vertieal 

202 transeets along the perpendieular to and eentered on the warm front. CloudSat-CALIPSO 

203 eloud frequeney of oeeurrenee transeets are eomposited this way. Similarly, CloudSat 

204 surfaee preeipitation rates are eomposited along a line perpendieular to the front. For 

205 these two types of eomposites, because the CloudSat orbit is not strictly perpendicular to 

206 the warm fronts (the average angle is 70°±25“ in SH and 66±29° in NH), the observations 

207 are sorted based on their distance to the warm front and averaged into a grid of 0.2° 

208 horizontal resolution and 250 m vertical resolution. A more detailed explanation is 

209 available in Naud et al. (2010). Note that since the intersection can occur at a wide range 

210 of distances from the low, our composite includes transects that are in the zone of 

211 maximum precipitation, as well as transects close to the eastern edge of the warm front. 

212 Because the distribution of distances between the intersection and the low center is very 

213 similar between the two hemispheres (not shown), this decision has negligible impact on 

214 our conclusions. The third kind of composite is the cyclone centered plan view (e.g. 

215 Bauer and Del Genio 2006, Naud et al. 2006 or Field and Wood 2007), which is used 

216 here for AMSR-E retrievals and MERRA fields. These composites are constructed here 

217 on a polar grid, with coordinates defined by the angle from the warm front and the radial 

218 distance from the low pressure center. This allows us to align the warm fronts along the 

219 horizontal axis, and to plot the data on an equidistant grid. The angle of rotation is similar 

220 between the two hemispheres, with a standard deviation of about 20° and an average of 

221 less than 1°. 
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222 To some extent, the averages obtained in the eomposites depend on the method 

223 employed to seleet the observations and reanalysis fields. For example, the spatial 

224 resolution of the reanalysis temperatures used to detect the warm front locations matters, 

225 as the more precise the front location, the more precise the intersection with the CloudSat 

226 orbit. Thus, to evaluate if the differences we find between NH and SH composites are 

227 significant we ran a series of tests in which we changed the inputs and their resolution 

228 before identifying warm fronts. Tests included use of different spatial resolution (0.5° vs. 

229 1°) in the reanalysis used to detect the fronts, different reanalysis temporal resolution (3 

230 vs. 6 hourly), variations in the time difference between the front detection and the 

231 Cloudsat orbit (1.5 vs. 3 hours), different sample sizes (100 vs. 300 cyclones), different 

232 reanalysis data used for cyclone location (NCEP vs ERA-interim), different reanalysis 

233 used for front detection (MERRA vs NCEP), and different setups for frontal detection 

234 (numerical technique, thresholds). These experiments yielded an ensemble of varying 

235 composites, and we used the maximum difference between all of the composites as a 

236 threshold above which differences between NH and SH can be deemed significant. This 

237 “noise level” was obtained for the CloudSat-CAEIPSO cloud occurrence composite, the 

238 CloudSat precipitation, the AMSR-E EWP, PWV, and precipitation rate and MERRA 

239 850 mb winds. In addition, for the CloudSat cloud frequency composites, we assume a 

240 binomial distribution, assuming that all transects are independent realizations, and 

241 conduct a binomial test to only keep differences significant at the 95% level, as described 

242 in Naud et al. (2010). Eor AMSR-E PWV and MERRA 850 mb wind speeds, the 

243 distribution per grid cell is log-normal and a student’s t-test is performed on the natural 

244 logarithm of the data. Only differences significant at the 95% are plotted. Eor the 
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245 CloudSat precipitation rates, the distribution is exponential (i.e. Poisson process) and 

246 therefore for each column across the warm fronts we calculate the 95% confidence 

247 interval and deem the difference between two sets of data to be significant at the 95% 

248 level if the two intervals do not overlap. 

249 All cyclones with an A-Train warm front transect are sorted according to their age, 

250 and divided into three distinct periods. Onset and peak divide equally the period between 

251 the first time the cyclone is detected and the time at which it reaches peak intensity 

252 (minimum in sea level pressure). Dissipation is defined as all the time steps from 

253 immediately after the peak until the last time the cyclone is detected. 

254 4, Comparison between NH and SH cyclones 

255 In this section, we compare the dynamics and skin temperature distribution of the 

256 cyclones for the whole NH dataset and the SH subset. We then proceed to partition both 

257 datasets according to cyclone age and re-examine the dynamic and thermodynamic 

258 characteristics, the system wide precipitation rates and LWP, and the amount of clouds 

259 and accompanying surface precipitation at the warm front during onset and peak. We 

260 then compare cloudiness at the warm front when all of the cyclones are combined 

261 regardless of cyclone age. 

262 a. Comparison of cyclone dynamics and skin temperature 

263 The cyclone-centered composites of mean sea level pressure combined with 

264 composites of 850 mb potential temperatures are shown in Figure 2 alongside composites 

265 of 500 mb vertical velocity and 500 mb geopotential heights for both the NH and SH. 

266 Everywhere around the cyclone centers, mean sea level pressures are lower in the SH 
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267 than the NH. This feature has been well documented, but, as Field and Wood (2007) 

268 explained, the deviation from the mean sea level pressure is equivalent between the two 

269 hemispheres. This equivalence in deviation is also observed in our datasets (not shown). 

270 There is a hint that the SLP distribution is more zonal in SH, and it seems that cyclones in 

27 1 the NH more often have a parent low to the north east. The mean potential temperatures 

272 at 850 mb are similar in value, but the composites reveal the region with highest potential 

273 temperature occupies a narrower area equatorward of the low in the SH compared to the 

274 NH. The cross-front gradient in potential temperature is stronger in the NH, and there is a 

275 much more pronounced thermal ridge in the northern hemisphere cases compared with 

276 SH. 

277 Vertical velocity composites (Figs. 2b, 2d) show ascending (negative omega) 

278 motions to the east of the low that extend west- and equator-ward along the cold fronts 

279 and a zone of descending (positive) motion to the west of the low. The ascending 

280 velocities are more vigorous in the NH than the SH, while the descending velocities are 

281 nearly identical, though there is a region of slightly larger downward vertical velocity 

282 west of the surface cyclone in the SH. The composite pattern of geopotential height at 

283 500 hPa is similar between the two hemispheres but with lower heights in the SH than the 

284 NH, consistent with the difference in SLP. 

285 The composites of MERRA skin temperature (Figure 3) also show that the sub- 

286 sampling performed on the SH dataset produces a range in temperature that is similar 

287 between the two hemispheres. Consistent with plots of 850 hPa potential temperature 

288 (Fig. 2) the shape of the distribution differs, as a thermal ridge is more pronounced in the 

289 NH composite. Also, the sub-sampling of SH cyclones did not completely eliminate 
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290 differences in warm sector skin temperatures (Fig. 3c), but these are no greater than 4 K, 

291 and only about half of the difference found between NH and the full SH dataset (that 

292 exhibits a similar zonal distribution, albeit with colder temperatures; not shown). The 

293 more vigorous upward vertical motions in the NH and the wider region of warm potential 

294 and skin temperatures equatorward of the low suggest that poleward transports of 

295 moisture might be more vigorous in the NH than SH. 

296 b. Cyclone life cycle 

297 Composite thermodynamic and vertical velocity fields indicate that, even if we 

298 constrain the NH and SH datasets so that they have similar latitudinal and temperature 

299 distributions on average, the cyclones are still dynamically different. Therefore, we now 

300 partition composites according to cyclone age as described above to examine whether 

301 differences are concentrated early or late in the cyclone life cycle. 

302 There were 155 occurrences of cyclones at onset in the NH, 289 at peak and 1 1 1 in 

303 the dissipation stage for the 3 seasons examined, while there were 169 at onset, 266 at 

304 peak and 146 at dissipation in the SH. The hemispheric frequencies are thus fairly 

305 consistent and each stage is equivalently represented. We find overall that SH cyclones 

306 travel a shorter distance in latitude than those in the NH dataset. This is contrary to the 

307 overall average per hemisphere when considering all cyclones available in the MCMS 

308 database, as SH cyclones tend to travel longer spans of latitude than NH cyclones. 

309 Because we retain only those cyclones that exhibit a strong enough temperature gradient 

310 for the warm front to be detected, our data sets contain the most active cyclones that 

311 apparently tend to travel longer meridional distances in the northern hemisphere. 
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312 We focus on onset and peak because 1) dissipation comprises a wide range of 

313 situations (various distinct stages of occlusion) and 2) the differences we find between 

314 the two hemispheres in the dissipation stage strongly resemble those described here for 

315 peak. 

316 To examine the poleward transport of moisture at onset and peak in the warm 

317 sector, we calculate the moisture flux as the product of AMSR-E PWV and MERRA 850 

318 mb wind speed. Eigure 4 shows the moisture flux composites forNH and SH at onset and 

319 peak. Eigure 4a and 4b demonstrate how at onset the fluxes are similar in both 

320 hemispheres, with a slightly greater maximum close to the low in NH but greater fluxes 

321 in the SH away from the low. In fact, at onset the SH winds are slightly stronger than in 

322 the NH, although the difference is below the 95% significance level (Eigure 5c). As such, 

323 the relatively lower amounts of PWV in SH (Pig. 5a) may be compensated by slightly 

324 more vigorous winds (Eigure 5c) that allow the moisture flux to be similar to that of the 

325 NH. The larger differences in PWV far equatorward of the cyclone center at onset 

326 (Eigure 5b) likely reflects the poleward movement of NH storms; NH cyclones travel 

327 further from the equator than do their SH counterparts. 

328 The amount of moisture in the warm sector decreases throughout the cyclone life 

329 cycle in both hemispheres (Eigure 6 a, b), in part because cyclones move poleward and 

330 thus away from typical water vapor source regions. The fact that the PWV does not 

331 change as much between onset and peak in the SH as in the NH may be due to a 

332 combination of a smaller meridional southern hemisphere PWV gradient, along with a 

333 more zonal trajectory for SH storms. In both hemispheres, the geographic extent of 

334 precipitation rates above 4 mm day'^ and EWP above 0.12 mm, for example, increase in 
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335 the warm front and warm sector as the systems evolve (+55% of the onset area and +54% 

336 respectively for NH, and +19% / +46% for SH), but the overall magnitude decreases 

337 (Figs. 7 and 8). Simultaneously, wind speeds increase, with a maximum at peak (Figs. 6 

338 c, d), but the increase is much larger in the NH than in the SH. Recall that the cyclone 

339 mean wind speeds at peak and onset were very similar between the NH and SH (Fig. 5). 

340 According to the study of Field and Wood (2007), cloud amount and precipitation 

341 in midlatitude cyclones are jointly dependent on PWV and low level winds through the 

342 warm conveyor belt. As observed in Figures 4 and 6, the large increase in wind speed as 

343 NH cyclones evolve compensates for the large decrease in moisture and suggests that NH 

344 cyclones are more sensitive to changes in wind speed than moisture. However, the 

345 opposite seems to be true for SH cyclones, where changes in moisture appear to be more 

346 influential on changes in moisture flux than are changes in wind speed. This will 

347 certainly have a direct impact on cloud occurrence at the warm front. 

348 To examine the relative impact of wind and PWV on the warm front cloudiness, we 

349 partitioned the SH-subset dataset in which all cyclones are included regardless of age into 

350 9 categories determined by the warm sector-averaged 850 mb wind and PWV (the 

351 quadrant east and equatorward of the low pressure center). Figure 9 shows the cloud 

352 frequency of occurrence across warm fronts for these 9 categories. An increase in cloud 

353 occurrence in the frontal tilt can be observed as PWV increases (from bottom to top 

354 rows). However, no clear change can be observed in the composites as wind speed 

355 increases (from left to right columns). This suggests that SH warm front cloudiness is 

356 more sensitive to moisture than wind. This result is sufficiently robust that we reach the 

357 same conclusion if we use thresholds in wind and PWV established with the NH dataset. 
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358 or if we use the entire SH dataset. A similar figure was ereated for the NH dataset but no 

359 elear dependeney on either of the parameters was evident and thus is not shown here. 

360 The implieation is that eloudiness and preeipitation at the warm front are similar 

361 between the two hemispheres at onset (Figure 10 and 11), with slightly more frequent 

362 eloud oeeurrenee in SH at the highest altitudes. However, as the eyelone evolves, 

363 eloudiness at the warm front inereases at the peak stage in the NH but remains relatively 

364 eonstant in the SH (Figure 12), eonsistent with the moisture flux evolution (Figure 4). 

365 Figures 10 and 12 only show differenees signifieant at the 95% level aeeording to a 

366 binomial statistieal test. In the NH, as cyelones evolve from onset to peak, most of the 

367 ehange in eloud frequeney of oeeurrenee oeeurs in the frontal tilt where eloud oeeurrenee 

368 inereases between onset and peak (Figure 12a), whereas eloud oeeurrenee in the SH 

369 frontal tilt ehanges very little, with a slight tendeney to deerease (Figure 12b). In eontrast, 

370 eloud oeeurrenee in the SH warm sector and poleward of the front increase significantly 

371 from onset to peak (Figure 12b). In addition, NH cyclones have much larger amounts of 

372 cloud poleward of the warm front in the lower and middle troposphere, possibly 

373 reflecting a greater amount of precipitation in this region (Figure 12a). 

374 Consistent with differences in frontal cloud occurrence, mean precipitation rates 

375 increase in the NH between onset and peak but changes little in the SH (Figure 11). We 

376 verified that the small difference between onset and peak for cloud and precipitation in 

377 the frontal tilt is not caused by a close occurrence in time of onset and peak. In fact, SH 

378 cyclones classified as “onset”’ occur on average 36 hours prior to centers classified as 

379 “peak”. In addition, the maximum precipitation rate at onset is very similar between NH 

380 and SH storms, consistent with the similarity in frontal cloud occurrence, although the 
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381 largest precipitation rates occur within a narrower band in SH than NH. The greater NH 

382 peak precipitation rate continues into the dissipation phase. This suggests that NH and SH 

383 cyclones are very similar in the early stages of a cyclone lifetime, but that cloud 

384 distributions differ as the cyclones mature because of dynamic and thermodynamic 

385 differences in cyclone characteristics between the two hemispheres. 

386 c. Comparison of all cyclones 

387 In this section, we explore the implications of the differences associated with the 

388 cyclone stages on the overall cyclone properties for each hemisphere. We combine all 

389 cyclones collected in the original NH and SH-subset datasets, regardless of their age. We 

390 then examine the average wind and PWV distributions and the average cloud and 

391 precipitation distributions. We kept the constraint on latitude distribution of the SH 

392 cyclones, so we do not include discrepancies caused by a much larger number of cyclone 

393 close to the polar circle in SH. 

394 The composites of AMSR-E PWV and MERRA 850 mb winds (Eigure 13) for both 

395 hemispheres depict the expected contrast in humidity between the poleward and 

396 equatorward portions of the cyclone, the poleward half being much drier than the 

397 equatorward half (consistent with the PWV composites of Eield and Wood, 2007). 

398 Overall, PWV is larger in the NH warm sector than in the SH, and smaller poleward and 

399 westward of the warm front. These differences can be partly but not fully explained by 

400 the slight differences in skin temperature in the warm sector (Pig. 3) and reflect the 

401 differences observed through the cyclone lifecycles (Eigure 5). MERRA 850 mb winds 

402 reveal the flow in the poleward section of the SH cyclones to be more vigorous than in 

403 NH cyclones. The maximum in wind speed is immediately east of and on the equator side 
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404 of the low, and is of similar magnitude in both hemispheres, consistent with the similarity 

405 in the magnitude of the SLP anomaly. However, the region containing relatively high 

406 wind speed (e.g., greater than 8 m s'^) is broader in the SH than in the NH. 

407 Figure 14 shows the corresponding CloudSat-CALIPSO cloud frequency of 

408 occurrence for the NH and SH composited across warm fronts. The first two composites 

409 in Figure 14 demonstrate that both hemispheres exhibit very similar structural 

410 distribution of cloud occurrence. They both indicate a maximum in frequency at low 

411 levels across the front, although it should be noted that the observations are not reliable 

412 within the first 1 km above the surface due to high surface reflectance issues (Marc hand 

413 et ah, 2008). After the low levels, the next largest occurrence is seen at and in advance of 

414 the front and follows the frontal tilt. A relatively high frequency of occurrence of high- 

415 level clouds can also be seen across the front (see discussion in Naud et ah, 2010). Note 

416 that the radar cannot distinguish suspended (cloud) from precipitating particles. Because 

417 precipitating particles are embedded within the clouds, the maximum in hydrometeor 

418 occurrence is found near the surface front in the zone where precipitation is at a 

419 maximum. Despite the structural similarity between frontal cloud fraction in the NH and 

420 SH, the difference in cloud occurrence at peak has an impact on the amount of clouds 

421 present at the warm front overall (Figure 14c). Differences in Figure 14c are only plotted 

422 when significant at the 95% level according to a binomial test and when greater than the 

423 maximum difference found across the multiple tests described in section 3. There is a 

424 much larger frequency of cloud occurrence poleward of the surface front in the NH, 

425 consistent with the greater amount of PWV in the NH warm sector. Differences are 

426 greatest in the frontal tilt where clouds occur more often in the NH than SH, especially 
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427 along the poleward edge where variability is greatest aeross cyclones, while there are 

428 more midlevel and high level clouds in the SH warm sector. Recall that, compared with 

429 SH cyclones, PWV is greater in the NH warm sector, but drier north of the warm front. 

430 Increased cloud frequency is consistent with this larger gradient in water vapor. 

431 Interestingly, we also observe greater frequency of shallow cloud at distances greater 

432 than five degrees poleward of the warm front in the NH compared with SH. Haynes et al. 

433 (2011) noted the frequent occurrence of shallow clouds in the region poleward of the 

434 cyclone in the SH and highlighted the fact that a large fraction of these clouds produce 

435 precipitation. 

436 Figure 15 shows composites of CloudSat surface precipitation across the warm 

437 front for the NH and SH, as well as the difference between the two, with superimposed 

438 points representing where the difference is above the noise and significant at the 95% 

439 level. The difference between the NH and SH in precipitation rates is largest at the front 

440 and in the frontal zone in the cold sector, but small differences in advance of the front 

441 (Haynes et ah, 201 1, shallow precipitating clouds discussed above) are also significant. In 

442 the warm sector, the differences are small and rarely significant. These results are 

443 consistent with greater amounts of PWV (Figure 13) and cloud (Figure 14) in the NH 

444 warm fronts. 

445 Finally, figure 16 shows the composite of AMSR-E precipitation rate for the entire 

446 cyclone. Consistent with the CloudSat observations the maximum in AMSR-E 

447 precipitation rate is slightly to the east of the low and poleward of the warm front in both 

448 hemispheres. As shown by CloudSat, the precipitation rate in SH warm front regions is 

449 much lower and precipitation is less widespread. 
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450 Another difference between the two hemispheres concerns the occurrence of clouds 

451 in the warm sector (Figures 12b and 14). Recall that the SH exhibits greater cloudiness in 

452 the warm sector (Figure 14), and much larger warm sector cloud fraction at peak relative 

453 to onset (Figure 12b). These clouds may be generated by convection or alternately may 

454 be advected from the region of the cold front, and could act as a PWV sink in SH. 

455 However, it is not possible to verily using the observations available to us whether the 

456 increase in warm sector cloudiness is caused by increased convective activity at peak, and 

457 if so, whether this has any impact on the cloudiness at the warm front. Model-based 

458 analysis (e.g., Sinclair et al. 2010, Boutle et al. 2010) may provide an answer to this 

459 question. 

460 5, Conclusions 

461 We have performed an analysis of the differences between NH and SH cyclone 

462 structure and horizontal and vertical cloud distribution using information from A-Train 

463 satellites and MERRA reanalysis. We find that, when we constrain cyclones based on 

464 their age, the hemispheres display similar cloud and precipitation distributions in the 

465 early stages of a cyclone life. At onset, the cloud frequency and precipitation in the 

466 frontal zone are similar, presumably because lower PWVs in the SH warm sector are 

467 compensated by greater wind speeds. This implies that the warm conveyor belt moisture 

468 transport is efficient enough in the SH to maintain cloud formation and precipitation at 

469 the warm front, in a similar fashion to what is observed in the NH. Between onset and 

470 peak, PWV decreases markedly in NH cyclones, but this decrease is more than 

471 compensated for by an increase in wind speed. As such, cloud occurrence and 

472 precipitation in frontal zones increases. In contrast, winds in SH storms do not increase as 
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473 much as the storm matures and this, eoupled with a deerease in PWV, leads to little or no 

474 change in warm front eloud frequency or precipitation. This in part explains the inereased 

475 sensitivity of SH cyclones to changes in PWV compared to changes in wind speed. 

476 Consequently, overall, cloud frequency of occurrence and precipitation rate at and 

477 poleward of the warm front are generally lower in the SH than the NH. This is 

478 accompanied by lower PWV in the warm sector, but slightly greater wind speeds at 850 

479 mb in the SH. 

480 The interplay between cyclone wind speed, warm sector PWV, and frontal 

481 precipitation rate and cloud occurrence has implications for the representation of eyclone- 

482 indueed eloudiness in GCMs. Beeause of the greater sensitivity of SH eyclone eloud 

483 occurrence to changes in humidity, we speculate that in the context of a warming climate, 

484 changes in cloud cover in the southern midlatitudes may be greater than in the northern 

485 hemisphere assuming that the number of cyclones ehanges similarly. Robust predietions 

486 of changes to extratropieal cyelone frontal structure with ehanging climates will require 

487 GCMs to properly represent the interaction between cyclone dynamies, atmospheric 

488 water vapor content, and frontal clouds. Future work will comprise the use of the 

489 observational datasets employed in this study to evaluate GCMs (e.g. as part of the IPCC 

490 5* assessment), not only for the amount of elouds and precipitation they produce in 

491 midlatitude cyclones, but also for their ability to reproduce the differences in the eyclone 

492 characteristics and location between the two hemispheres, as well as the sensitivity of the 

493 observed eloudiness to changes in moisture and winds. 
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596 List of figures 

597 Figure 1; Distribution of (a) eyelone eenters as a function of absolute latitude in the NH 

598 (dashed) and SH (solid) midlatitude regions and (b) temperatures at the low pressure 

599 center. The dotted-dash line shows the SH-subset distribution obtained by randomly 

600 selecting SH cyclones in 5° latitude bands until their number matches the NH 

601 dataset. 

602 Figure 2: Composites of MERRA SEP with Ogsomb and cosoomb with Zsoomb for (a, b) NH 

603 and (c, d) SH cyclones. Each field is rotated to align the warm front along the x-axis, 

604 and the rotation angles are similarly distributed between the two hemispheres. 

605 Eigure 3: Composite of MERRA skin temperature centered on cyclone low pressure for 

606 (a) NH and (b) SH subset cyclones; (c) difference in skin temperature composites 

607 between NH and SH cyclones. 

608 Eigure 4: Moisture flux composites for cyclones at onset (a, b) and peak (c, d) in NH (a, 

609 c) and SH (b, d). 

610 Eigure 5: Difference NH-SH in AMSR-E PWV (a, b) and MERRA 850 mb wind speed 

611 (c, d) at cyclone onset (a, c) and peak (b, d) when significant at the 95% level. 

612 Eigure 6: Difference in AMSR-E PWV and MERRA 850 mb wind speed between 

613 cyclone onset and peak in (a, c) NH and (b, d) SH when significant at the 95% level. 

614 Eigure 7: AMSR-E precipitation rate composites at cyclone (a, c) onset and (b, d) peak 

615 for (a, b) NH and (c, d) SH. 

616 Eigure 8: AMSR-E liquid water path composites at cyclone (a, c) onset and (b, d) peak) 

617 for (a, b) NH and (c, d) SH. 
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618 Figure 9: CloudSat-CALIPSO cloud frequency of occurrence across warm fronts for SH 

619 as a function of wind speed (left to right) and PWV (bottom to top). The number of 

620 cyclones per subset is given at the top of each plot . 

621 Figure 10; Difference in CloudSat-CALlPSO cloud occurrence when significant at the 

622 95% level at cyclone onset between NH and SH. 

623 Figure 1 1 : CloudSat precipitation rate across warm fronts, for cyclone onset (solid), peak 

624 (dashed) and dissipation (dotted-dashed) in (a) NH and (b) SH. The dotted line 

625 marks the position of the surface front. 

626 Figure 12; Difference in CloudSat-CALlPSO cloud occurrence when significant at the 

627 95% level between cyclone onset and peak in (a) NH and (b) SH. The dashed line 

628 marks the position of the surface front. 

629 Figure 13; Composites of AMSR-E PWV and MERRA 850 mb wind for (a, b) NH and 

630 (c, d) SH. The arrows on (b) and (d) indicate the wind direction, with the size of the 

63 1 arrows proportional to the wind speed. 

632 Eigure 14; CloudSat-CAElPSO cloud frequency of occurrence across warm fronts in (a) 

633 NH and (b) SH, with (c) difference in cloud occurrence between NH and SH when 

634 significant at the 95% level based on a binomial statistical test. The x-axis represents 

635 the distance in degrees from the surface front indicated by the dashed line. Positive 

636 values are in advance of the front and negative values in the warm sector. 

637 Eigure 15; (a) NH (solid) and SH (dashed) composites of CloudSat surface precipitation 

638 across warm fronts. The dashed line marks the location of the surface low. (b) 

639 Difference between NH and SH precipitation rate. The (+) symbols show the 
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640 


difference in precipitation rate between NH and SH when it is above the variability 
caused by the method and significant at the 95% level. 


641 

642 Figure 16: Composites of AMSR-E precipitation rates for (a) NH and (b) SH. 

643 
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645 
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647 

648 

649 
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Figure 1: Distribution of (a) cyclone centers as a function of absolute latitude in tbe 
NH (dasbed) and SH (solid) midlatitude regions and (b) temperatures at tbe low 
pressure center, Tbe dotted-dasb line shows tbe SH-subset distribution obtained by 
randomly selecting SH cyclones in 5” latitude bands until tbeir number matches the 
NH dataset. 
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65 1 Figure 2: Composites of MERRA SEP with Gssomb and (Osoomb with Zsoomb for (a, h) 

652 NH and (c, d) SH cyclones. Each field is rotated to align the warm front along the x- 

653 axis, and the rotation angles are similarly distributed between the two hemispheres, 
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Figure 3: Composite of MERRA skin temperature centered on cyclone low pressure 
for (a) NH and (b) SH subset cyclones; (c) difference in skin temperature 


658 composites between NH and SH cyclones. 
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Figure 4: Moisture flux composites for cyclones at onset (a, b) and peak (c, d) in NH 


661 (a, c) and SH (b, d). 
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663 Figure 5: Difference NH-SH in AMSR-E PWV (a, b) and MERRA 850 mb wind 

664 speed (c, d) at cyclone onset (a, c) and peak (b, d) when significant at tbe 95% level. 
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669 Figure 6: Difference in AMSR-E PWV and MERRA 850 mb wind speed between 

670 cyclone onset and peak in (a, c) NH and (b, d) SH when significant at the 95% level. 
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Figure 7: AMSR-E precipitation rate composites at cyclone (a, c) onset and (b, d) 
peak for (a, b) NH and (c, d) SH, 
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Figure 8; AMSR-E liquid water path eomposites at eyclone (a, c) onset and (b, d) peak 
for (a, b) NH and (c, d) SH. 
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ggQ CloudSat GEOPROF-LIDAR cloud frequency of occurrence: SH subset, SH thresholds 

681 Figure 9: CloudSat-CALIPSO cloud frequency of occurrence across warm fronts 

682 for SH as a function of wind speed (left to right) and PWV (bottom to top). The 

683 number of cyclones per subset is given at the top of each plot , 
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Difference in cloud occurrence 

Figure 10: Difference in CloudSat-CALIPSO cloud occurrence when significant at 


686 the 95% level at cyclone onset between NH and SH, 
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Distance to front; warm to cold sector (°) Distance to front: warm to cold sector (°) 

Figure 11: CloudSat precipitation rate across warm fronts, for cyclone onset (solid), 
peak (dashed) and dissipation (dotted-dashed) in (a) NH and (h) SH. The dotted line 
marks the position of the surface front. 
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692 Figure 12: Difference in CloudSat-CALIPSO cloud occurrence when significant at the 


693 95% level between cyclone onset and peak in (a) NH and (b) SH. The dashed line marks 


694 the position of the surface front. 
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(c) SH: AMSR-E PWV 



3000 

'e 

2000 

5 

o 

1000 

E 

o 

0 

Q> 

O 

c 

-1000 

CO 


GO 

b 

-2000 


-3000 



-3000-2000-1000 0 1000 2000 3000 

Distance from low (km) 


(b) NH: 850 mb MERRA wind 

3000 
2000 
1000 
0 

-1000 

-2000 
-3000 

-3000-2000-1000 0 1000 2000 3000 

Distance from low (km) 

(d) SH: 850 mb MERRA wind 

3000 

2000 
1000 
0 

-1000 
-2000 
-3000 

-3000-2000-1000 0 1000 2000 3000 

Distance from low (km) 




0 2 4 6 8 101214161820222426283032 0 2 4 6 8 10 12 14 16 18 20 22 24 27 

PWV (mm) Wind speed (m s ') 

696 

697 Figure 13: Composites of AMSR-E PWV and MERRA 850 mb wind for (a, b) NH 

698 and (c, d) SH, Tbe arrows on (b) and (d) indicate tbe wind direction, with tbe size of 

699 tbe arrows proportional to tbe wind speed. 
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Figure 14: CloudSat-CALIPSO cloud frequency of occurrence across warm fronts 
in (a) NH and (b) SH, with (c) difference in cloud occurrence between NH and SH 
when significant at the 95% level based on a binomial statistical test. The x-axis 
represents the distance in degrees from the surface front indicated by the dashed 
line. Positive values are in advance of the front and negative values in the warm 
sector. 
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708 

709 Figure 15: (a) NH (solid) and SH (dashed) composites of CloudSat surface 

710 precipitation rates across warm fronts. The dashed line marks the location of the 

711 surface front, (h) Difference between NH and SH precipitation rate. The (+) symbols 

712 show the difference in precipitation rate between NH and SH when it is above the 

713 variability caused by the method and significant at the 95% level, 

714 
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716 Figure 16: Composites of AMSR-E precipitation rates for (a) NH and (b) SH, 

717 
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